The topographic location of cyclic AMPdependent protein kinase has been studied in preparations of permeable and sealed membranes derived from human erythrocytes. Both the catalytic and cyclic AMP-binding components of protein kinase are localized on the inner, cytoplasmic, surface of the plasma membrane.
3':5'-Cyclic AMP has been implicated in the regulation of a variety of membrane-associated functions including: contact inhibition (1, 2), hormone secretion (3), cellular permeability (4), and synaptic transmission (5, 6) . It is possible that membrane-associated, cyclic AMP-dependent protein kinases could alter the structure and function of cell membranes by catalyzing the phosphorylation of specific polypeptides in plasma membranes (7) (8) (9) (10) (11) (12) (13) .
Plasma membranes derived from human erythrocytes contain greater than 70% of the total protein kinase activity found in these cells (14) , and catalyze the cyclic AMPcontrolled phosphorylation of two endogenous polypeptide chains (9) (10) (11) . These observations suggest that erythrocyte membranes provide an appropriate system for investigations on protein kinase-mediated alterations in the properties of membranes.
Since the protein components of the erythrocyte membrane are asymmetrically positioned with respect to the cytoplasmic and exterior membrane surfaces (15) , the biological role of cyclic AMP in membranes may be uniquely determined by the topographic distribution of the enzymes involved in the metabolism and action of the cyclic nucleotide. In the present experiments the spatial orientations of the catalytic and cyclic AMP-binding components of protein kinase were studied in permeable ghosts, sealed rightside-out ghosts, and sealed inside-out vesicles prepared according to the methods of Steck and Kant (16, 17) and Bodemann and Passow (18) . The disposition of protein kinase in the membrane was determined by comparing its accessibility in the various membrane preparations to the accessibility of enzymes known to be associated with either the cytoplasmic or the exterior surfaces of the membrane (15) (16) (17) (22) . Assays of enzymic and cyclic AMP-binding activities in salt-sealed ghosts were performed in saline buffered with 10 mM Tris -HCl, pH 7.4, to prevent lysis. Substitution of buffered saline for the standard buffers had no effect on the enzymic and binding activities in any of the membrane preparations. Inside-out vesicles and Mg2+-sealed ghosts were not lysed by incubation in the standard assay buffers.
RESULTS
The data on the accessibility of cyclic AMP-dependent protein kinase and three reference enzymes are presented in Table 1 . Acetylcholinesterase, a marker for the exterior surface of the erythrocyte membrane (23) , is completely accessible in permeable ghosts and sealed, rightside-out membranes, but is relatively inaccessible in sealed, inside-out membranes. Conversely, glyceraldehyde-3-phosphate dehydrogenase, an indicator of the inner surface of the membrane (24) , is completely available in inside-out membranes, but only 14% accessible in Mg2+-sealed, rightside-out ghosts. The accessibility of diaphorase, a second marker for the inner surface (25) , was also high in inside-out vesicles, but very limited in both Mg2+-and salt-sealed, rightside-out ghosts. The cyclic AMP-dependent protein kinase activity parallels that of the markers for the inner membrane surface, being 87% accessible in inside-out membranes, but only 3% and 19% available in salt-or Mg2+-sealed, rightside-out membranes, Aliquots of the indicated membrane preparations were assayed as outlined under Methods. * % Activity accessible = 100 X (activity in membranes/ activity in membranes treated with 0.1% Triton X-100). All sealed membrane preparations became permeable upon incubation with 0.1% Triton X-100 for 1 min at 220.
t Protein kinase was assayed in the presence of an optimal concentration of cyclic AMP (3 MM). The activity of protein kinase was reduced by a factor of 5-to 6-fold in each membrane preparation when cyclic AMP was absent.
t Glyceraldehyde-3-phosphate dehydrogenase was solubilized during the preparation of salt-sealed ghosts. This enzyme is only loosely associated with the erythrocyte membrane and may be readily dissociated by the 0.15 M KC1 used during sealing (16).
respectively. Thus, cyclic AMP-dependent protein kinase appears to be localized on the inner, cytoplasmic surface of the erythrocyte membrane. The localization of protein kinase on the inner membrane surface was confirmed by monitoring the phosphorylation of endogenous substrates. Table 2 shows that the cyclic AMPregulated phosphorylation of two endogenous polypeptides (see ref. 9) was at the control level in inside-out vesicles, but was reduced by 80% in Mg2+-sealed, rightside-out ghosts.
Thus, the disposition of protein kinase on the inner membrane surface was observed using either endogenous or exogenous phosphate acceptors.
The cyclic AMP-binding capacities of the membrane preparations were assessed by determining saturation binding curves for each preparation and then evaluating the number of binding sites and the dissociation constant of the "membrane-cyclic AMP complex" from double reciprocal plots. The results of these experiments are summarized in Table 3 . Permeable ghosts and sealed, inside-out vesicles exhibit a high affnity for cyclic AMP and possess equal numbers of cyclic AMP-binding sites. Salt-sealed, rightside-out membranes did not bind a significant quantity of cyclic AMP over the range of concentrations studied (0.5-400 nM). These findings are consistent with the localization of both the catalytic and cyclic AMP-binding components of protein kinase on the inner surface of the erythrocyte membrane (see Table 1) .
Surprisingly, Mg2+-sealed, rightside-out membranes also inside-out vesicles, and Mg2+-sealed membranes all avidly bind cyclic AMP, while salt-sealed ghosts are unable to sequester the nucleotide (Tables 3 and 5) . After a brief lytic treatment with Triton X-100, the binding capacity of inside-out vesicles remained unchanged, while that of the salt-sealed, rightside-out membranes was increased 33-fold ( Table 5 ), indicating that the cyclic AMP-binding component resides on the inner membrane surface. No new binding sites appeared in Triton-treated (lysed) Mg2+-sealed ghosts. These observations, and the results indicating that Mg2+-sealed, rightside-out ghosts possess the appropriate number of binding sites (Table 3 ) and the same order of binding specificity (Table 4) as the other membrane preparations, suggested that Mg2+-sealed, rightside-out ghosts were partially permeable to cyclic AMP and that the binding reaction actually occurred at the cytoplasmic surface of the membrane. Our inability to demonstrate either the binding of cyclic AMP to the surface of intact erythrocytes over a very broad range of conditions or a diminution in cyclic AMP binding capacity in membranes prepared from trypsintreated erythrocytes ( Table 5 ) further indicates that the binding observed in Mg2+-sealed membranes is an artifact of membrane preparation.
DISCUSSION
The spatial orientations of the catalytic and cyclic AMPbinding components of protein kinase were studied by monitoring their distribution in permeable erythrocyte membranes and in sealed membranes, which permit access to only one surface of the membrane. We conclude that the catalytic component of protein kinase is localized on the cytoplasmic surface of the membrane because its accessibility (a) parallels the availability of reference enzymes for the inner surface of the membrane (glyceraldehyde-3-phosphate dehydrogenase and diaphorase) and (b) bears a reciprocal relationship to the appearance of acetylcholinesterase activity, a marker of the (19) .
on the cytoplasmic surface was observed with respect to both exogenous and endogenous substrates (Tables 1 and 2) . Binding experiments have shown that a high-affinity (Table 3) , cyclic AMP-binding component is also accessible on the cytoplasmic surface of the membrane. This observation is in agreement with the recent report of Steck and Kant (26) .
At higher concentrations of cyclic AMP, binding also appeared to occur at the exterior surface of the membrane in Mg2+-sealed, rightside-out ghosts (Tables 3 and 4 ). This binding probably represents an artifactual partial permeability to cyclic AMP in this kind of preparation, since (a) these ghosts have the same number of binding sites and order of specificity as the other membrane preparations and do not exhibit new binding sites upon lysis; (b) neither binding of cyclic AMP to the exterior cell surface nor proteolytic inactivation of the binding protein could be demonstrated in intact erythrocytes; and (c) salt-sealed rightside-out ghosts do not bind cyclic AMP.
It seems likely, therefore, that both the catalytic and cyclic AMP-binding components of membrane-associated protein kinase reside on the inner (cytoplasmic) surface of the membrane. The experiments presented here cannot rule out the possibility, however, that the cyclic AMP-binding protein spans the membrane, but is more readily accessible from the cytoplasmic surface. Recently, Marchesi and colleagues (27) elegantly demonstrated that a glycoprotein, glycophorin, spans the erythrocyte membrane and that its structural components are asymmetrically oriented with respect to the two membrane surfaces and the lipid bilayer.
The localization of both components of protein kinase on the cytoplasmic surface is consistent with the hypothesis that all erythrocyte membrane proteins are asymmetrically positioned with regard to the membrane surfaces (15) . The internal localization of protein kinase suggests that the enzyme could modify the cell membrane in response to fluctuations in the intracellular or intramembranous concentration of cyclic AMP. It is also possible to speculate that one or both components of membrane-associated protein kinase could be accessible at the exterior surface during some stage of erythrocyte development and differentiation. Similar studies on erythrocyte precursors and membranes derived from other cells will be necessary to determine if the location of protein kinase in the membrane is variable or constant.
